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RNA sequences that play critical roles in post-transcriptional regulation, either by repressing translation initiation and protein synthesis, or by inducing degradation of messenger RNA (mRNA; Selbach et al., 2008; Dai and Ahmed, 2011) . Over 1,000 human miRNAs have been identified to date (Griffiths-Jones et al., 2006; Dai and Ahmed, 2011) . Complete sequence complementarity between a miRNA and its potential target mRNA is not required to suppress gene expression, and matching of as few as 6 base-pairs may be sufficient (Thomson et al., 2011) . Consequently, a single miRNA has the potential to control the translation of hundreds of genes simultaneously and may thus have a significant impact on protein expression (Baek et al., 2008) . Differential miRNA expression in cells involved in the innate and adaptive immunity has been shown to regulate cell development and function (O'Connell et al., 2010) . In humans, miRNA expression has been shown to affect the pathobiology of several diseases such as cancer (Sumazin et al., 2011) , but also inflammatory diseases including lupus (Dai et al., 2007) and rheumatoid arthritis (Nakasa et al., 2008) . The expression of miRNAs in periodontal tissues and their potential function in the context of the pathobiology of periodontal diseases are largely unexplored. To date, only two small-scale studies have reported on the occurrence of selected miRNAs in gingival tissues (Xie et al., 2011; Perri et al., 2012) .
In this study, we first describe the occurrence of miRNAs in healthy and inflamed gingival tissues from 86 well-phenotyped patients with periodontitis, and subsequently validate their in silico-predicted targets by examining mRNA profiles in the same specimens. We hypothesized that the concomitant study of miRNA and mRNA expression in gingival tissues would provide new insights into the in vivo gene-regulatory function of miRNAs in human periodontitis. transcriptomes and subgingival bacterial profiles (Papapanou et al., 2009 ; GEO accession number GSE16134). Details on patient selection, tissue harvesting, and assessment of wholegenome mRNA profiles by microarrays (U-133Plus2.0; Affymetrix, Santa Clara, CA, USA) were reported earlier (Demmer et al., 2008) . Enrollees did not include current smokers or patients with diabetes mellitus or other systemic conditions. The tissue samples analyzed here originated from 158 periodontally 'diseased' sites [with bleeding on probing (BoP), probing depth (PD) > 4 mm, and attachment level (AL) ≥ 3 mm] and 40 'healthy' sites (no BoP, PD ≤ 4 mm, and AL ≤ 2 mm). The study was approved by the Institutional Review Board, Columbia University Medical Center.
tissue Processing, rnA labeling, mirnA Microarray hybridization, and real-time rt-Pcr Validation These procedures are described in detail in the Appendix. In brief, miRNA profiling was performed on the Agilent Platform with microarrays carrying probes for 1,205 human and 144 human viral miRNAs. In a subset of 16 samples from eight patients, each contributing one healthy and one diseased tissue sample with RIN ≥ 7, we used quantitative RT-PCR to validate expression of the 6 top differentially modulated miRNAs (3 overexpressed and 3 underexpressed in diseased tissues).
mirnA Differential Expression miRNA expression profiles were analyzed with R (The R Development Core Team, 2005) and Bioconductor statistical frameworks (Gentleman et al., 2004) . Raw data were preprocessed with AFE (Agilent), and quality control was performed using the limma (Smyth, 2005) and AgiMicroRNA (Romero, 2011) packages. Signals were background-corrected by fitting a normal plus exponential convolution model, and quintile-normalized between arrays using the RMA algorithm (Irizarry et al., 2003) . Probes were filtered to eliminate controls and undetected miRNAs using default parameters. We validated miRNA microarray data by calculating the Pearson correlation coefficient between the log 2 ratio of miRNA expression of each pair (healthy/diseased sample from the same patient) and the corresponding RT-PCR value.
mirnA target Identification
The mRNA expression profiles for each sample were retrieved from GEO series GSE16134. Signals were pre-processed and normalized as earlier described (Papapanou et al., 2009) . We used limma to fit the linear model and to compute the moderated t statistic. Differential expression was assessed, accounting for the correlation between biological replicates (multiple samples from the same patient for a given condition, when available) and corrected for multiple comparisons (Benjamini and Hochberg, 1995) . miRNA targets were identified by the cupid algorithm (Sumazin et al., 2011) , which integrates sequence-based predictions from the MIRANDA, Pita, and Targetscan databases, cross-species conservation of predicted sites, and miRNA and gene expression data, with emphasis on site multiplicity in 3′UTRs to predict miRNA targets.
mirnA target Enrichment Analysis
We summarized the mRNA data on the gene-level after excluding probes with lower interquartile range. Subsequently, we computed Spearman correlation coefficients between the expression of each miRNA and its predicted targets in each specimen and restricted the sets to anti-correlated genes at a False Discovery Rate adjusted p value (FDR) of < 0.1. We then constructed a library including the miRNA-target sets for the miRNAs showing a significant (FDR < 0.05) modulation in gingival health and disease. We considered only gene sets (sets of miRNA targets) with ≥ 10 and ≤ 2,000 genes/set and tested them for possible enrichment using GSEA (Mootha et al., 2003; Subramanian et al., 2005) . Next, we identified the enriched gene sets of the miRNAs that showed a significant (FDR < 0.05) modulation in healthy and diseased tissues. Identified enriched gene sets were grouped into functional categories by the use of DAVID (Huang da et al., 2009a,b) and IPA (Ingenuity ® Systems, Redwood City, CA, USA).
rEsults
We identified 159 miRNAs with significant (FDR < 0.05) differential expression between healthy and diseased gingival tissues (Appendix Table 1 ). Of these, 91 were overexpressed and 68 were underexpressed in disease vs. health. Table 1 reports the top 50 differentially expressed miRNAs in diseased gingiva, along with the corresponding fold-change (FC) values describing their expression relative to that in healthy tissues. The Fig. depicts a heat map illustrating expression levels for the top 25 differentially expressed miRNAs in either direction.
The 6 miRNAs selected for qRT-PCR validation were hsa-miR-451, hsa-miR-223, hsa-miR-486-5p, hsa-miR-1246, hsa-miR-1260, and hsa-miR-141. The Spearman correlation coefficient between microarray and qRT-PCR-based log 2 ratio of expression was 0.80 (p = 7.93 × 10 -12 ), indicating close agreement. Table 2 presents the number of predicted gene targets of the top miRNAs, as well as the subset that was actually modulated in the gingival tissues, i.e., the number of genes with statistically significant (FDR < 0.05) inverse expression. Overall, approximately 25% of the predicted gene targets were statistically down-regulated, and 7% were differentially modulated with an absolute FC of ≥ 1.5.
miRNA target enrichment analysis identified 242 gene sets. Appendix Table 2 lists the significantly enriched gene sets (FDR < 0.05) of the differentially expressed miRNAs (FDR < 0.05) in diseased or healthy tissues. Twenty-nine miRNAs overexpressed and 31 miRNAs underexpressed in diseased tissues had significantly enriched targets. The Appendix Fig. depicts the enrichment plots of the top two enriched gene sets associated with either overexpressed or underexpressed miRNAs in diseased gingival tissues.
Next, we sought to identify processes seemingly modulated by miRNA activity. Analysis with DAVID revealed statistically significantly regulated GO terms for 12 miRNAs (Appendix Table 3 ). Among these, hsa-miR-210 was associated with the highest number of significant terms, with "Phosphorus metabolic process", "Phosphate metabolic process", and "Response to wounding" emerging as the highest-ranked GO groups. Table 3 depicts elements of the functional analysis (IPA) for the hsa-miR-210 gene set. Within the primary category "Cellular and Molecular Functions" (Table 3A) , the top 20 functional annotations were strongly associated with "Cell Death" and "Cellular Movement". With respect to "Physiological System Development and Function" (Table 3B) , the 20 most significantly enriched functional annotations mapped to "Hematological System Development and Function" and "Immune Cell Trafficking".
DIscussIOn
This is the first study to examine concurrently the expression of miRNAs and mRNAs in healthy and diseased gingival tissues, and provides the foundation for further mechanistic experimentation to dissect the role of miRNAs in gingival tissue homeostasis and pathology. We have earlier presented gingival tissue transcriptomic data from the same patients (Demmer et al., 2008; Papapanou et al., 2009) , and demonstrated substantial differential gene expression between states of periodontal health and disease. Here, we extend this work and analyze differential expression of miRNAs in the same samples. So far, two small-sized studies have examined differential expression of miRNAs in gingival tissues but have adopted different approaches. Xie et al. (2011) pooled total RNA samples from 10 periodontally healthy and 10 diseased gingival tissue samples and examined differential expression of miRNAs after hybridization of a single pair of aggregate samples. Therefore, no meaningful comparisons with the current data are feasible. Perri et al. (2012) collected healthy and diseased gingival tissues from 10 obese and 10 non-obese periodontitis patients and analyzed expression of 88 candidate miRNA species using targeted PCR arrays. Our dataset corroborates the reported overexpression of hsa-miR-185 in diseased tissues. However, in contrast to Perri et al., we observed a higher expression of hsa-miR-30e and hsa-miR-210 in healthy gingiva.
Among the miRNAs found to be significantly overexpressed in disease in our study, hsa-miR-155 was reported to regulate immune responses, primarily by activating Toll-like and interleukin-1 receptors (O'Connell et al., 2007; Tsitsiou and Lindsay, 2009; Quinn and O'Neill, 2011) . Recent work demonstrated induction of hsa-miR-203 in gingival epithelial cells upon in vitro infection by Porphyromonas gingivalis (Moffatt and Lamont, 2011) . In our dataset, expression of hsa-miR-203 was higher in healthy gingiva. This particular miRNA is one of the most abundantly expressed in keratinocytes under physiological conditions, plays an important role in the induction of differentiation and the repression of proliferation in skin stem cells (Lena et al., 2008) and is down-regulated in instances of pronounced proliferation, as seen in carcinomas (Rentoft et al., 2011) . Therefore, the observed lower expression of hsa-miR-203 in diseased tissues is compatible with the reported significantly higher net proliferative rate of both the junctional and the oral epithelium in states of disease (Nagarakanti et al., 2007) . Among the up-regulated miRNAs in diseased gingiva, hsa-miR-223 has been shown to be involved in granulopoiesis, and hsa-miR-146a was identified as a regulator of immune responses (Dai and Ahmed, 2011; Quinn and O'Neill, 2011) . In a mouse model, expression of miR-146a was increased in the gingival tissues upon infection by several periodontal pathogens and regulated cytokine production in response to microbial ligands (Nahid et al., 2009 (Nahid et al., ,0 2011 . Clearly, the cellular origin of the identified miRNAs in our dataset is impossible to define, since the analyzed tissue lysates included epithelium, fibroblasts, and infiltrating inflammatory cells. In addition, subject-based factors, such as gender, and/or environmental exposures may also Figure. Heat map illustrating miRNA expression in diseased and healthy gingival tissue samples. Expression values have been transformed using z-scores [(expression value -mean)/StDev]. Color shading reflects expression level, with red indicating high expression and blue low expression. Note that the differential expression of miRNAs between healthy and diseased gingival tissues was not driven by a subset of samples, but was observed rather uniformly. have affected the differential miRNA expression, beyond the inflammatory status of the tissues. We sought to validate the predicted targets of the identified differentially modulated miRNAs by examining the actual mRNA expression of these particular genes in our transcriptomic database. We observed that, overall, approximately 25% of the predicted gene targets of the highly expressed miRNAs in gingival health or disease were indeed down-regulated. However, it must be realized that the computational identification of miRNA targets based on sequence complementarity is not flawless, but represents the only source of genome-wide rapid identification of putative miRNA targets in the absence of experimental target validation (Alexiou et al., 2009) . The main prediction feature used in most miRNA target identification software is the sequence alignment of the miRNA 'seed' region (i.e., 7-8 bp located at the 5′end of the miRNA) and the corresponding motifs in the 3′ untranslated region of a protein-coding gene (Doench and Sharp, 2004; Lewis et al., 2005) . However, miRNA-binding sites may also reside, albeit infrequently, within the coding regions (Baek et al., 2008) . Therefore, experimental identification of miRNA targets is essential for the optimization of existing algorithms and will result in target prediction computations that reflect more accurately the underlying biological processes (Alexiou et al., 2009) .
GSEA revealed that, among the top overexpressed 25 miR-NAs in disease, 14 showed enrichment of their gene targets in health. In other words, occurrence of these miRNAs decreased the level of their target mRNAs in a statistically significant manner. Among the top 25 miRNAs underexpressed in disease, 17 showed enrichment. These observations are in accordance with the canonical concept that miRNAs predominantly induce degradation or destabilization of their target gene mRNA by reducing the levels of available mRNAs rather than by mediating translational repression with persistence of repressed mRNA (Baek et al., 2008; Selbach et al., 2008; Guo et al., 2010) .
Twelve miRNAs were associated with statistically significant regulation of several functional groups in GO analysis. Of these, hsa-miR-210 is of particular interest, since (i) both the miRNA and its gene targets were differentially modulated in both healthy and diseased gingiva, and (ii) the involved genes are significantly affiliated with a variety of biological processes linked to periodontal inflammation. Specifically, hsa-miR-210 is the most consistently and predominantly up-regulated miRNA in response to hypoxia (Huang et al., 2010) . This observation is corroborated by our transcriptomic dataset, in which GO analysis identified 'response to hypoxia' as a biological process significantly attributed to the hsa-miR-210 gene set. Hypoxia-inducible factors (HIFs) control cellular responses to hypoxia, and hsa-miR-210 was shown to be induced by HIFs, but also to form a feed-forward loop, contributing to the maintenance of high HIF (Devlin et al., 2011) . A member of the HIF family, HIF-1α, plays an important role in defenses against bacterial infection in keratinocytes; HIF-1α regulates production of cathelicidin, an antimicrobial peptide shown to confer protection against group A Streptococcus infection (Peyssonnaux et al., 2008) . Interestingly, normal skin is hypoxic, and HIF-1α is extensively expressed in normal epidermis . This concept may also be important in the homeostasis of the gingival tissues, given the observed significant overexpression of hsa-miR-210 in health. Interestingly, HIF-1α protein expression was markedly higher in pathological gingival tissue samples from periodontitis patients than in healthy samples from periodontitis-free control individuals, although HIF-1α mRNA levels were not significantly different between the two groups (Ng et al., 2011) . Thus, regulation of HIFs by hsa-miR-210 seems to be important in host tissues exposed to a chronic microbial challenge such as skin and oral mucosal surfaces.
IPA analysis of the modulated targets of hsa-miR-210 showed their involvement in "cellular movement" and "immune cell trafficking", suggesting that it may influence the migration of immune and inflammatory cells in the periodontal tissues. Recent work demonstrated that expression of hsa-miR-210 in cultured endothelial cells stimulated by growth factors resulted in chemotaxis and increased angiogenic potential (Fasanaro et al., 2008) .
In summary, we have identified specific miRNAs that are overexpressed in healthy or periodontitis-affected gingiva, and have validated for the first time particular genes among their predicted targets that are indeed concomitantly modulated, several of which are involved in tissue homeostasis and inflammatory/ immune responses. The precise cellular origins of these particular miRNAs within the gingival tissues, and the experimental validation of their potential functions, warrant further investigation.
